Two-dimensional (2D) transition metal carbides and nitrides (MXenes) were predicted to possess high mechanical properties, similar to their bulk counterparts -refractory carbides and nitrides, that represent some of the hardest materials. Bending rigidity is one of the most important and poorly understood mechanical characteristics of MXenes distinguishing them from many other single-atom thick 2D materials. We present results of in silico study of bending deformation of nanoribbons of three different 2D titanium carbides (Ti 2 C, Ti 3 C 2 and Ti 4 C 3 ). Dynamical behavior of the samples under applied bending load was simulated via classical molecular dynamics. The central deflection and bending rigidity of the MXene nanoribbons as a function of applied force were calculated. Calculated bending rigidity of the Ti 2 C nanoribbon is 5.21 eV at small deflections and nonlinearly increases at larger deflections, reaching the maximum magnitude of 12.79 eV before the onset of disintegration.
Introduction
Two-dimensional (2D) titanium carbides Ti n+1 C n belong to a large family of transition metal carbides and nitrides (MXenes) that have thickness of 3 to 7 atomic layers [1] . Most of theoretical and experimental studies published so far focused on the extraordinary electrical and electrochemical properties of MXenes [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . There is also a growing interest to use of MXenes as reinforcements in polymer composites [17] , thus colloidal stability of MXenes in organic solvents is of much importance [18] . However, little is known about mechanical properties of MXenes themselves, except a handful of computational attempts at studying the Young's modulus, strain-stress behavior, and mechanisms of failure of selected MXenes [19, 20] .
Since the discovery of two-dimensional materials, several advanced experimental techniques for investigation of their mechanical properties were developed [21] [22] [23] [24] . However, implementation of such techniques for MXenes represents a challenge because of small (a few micrometers) lateral dimensions of currently available MXene sheets [25] . No experimental studies of mechanical properties of single MXene nanosheets have been reported so far. Besides that, basal planes of all MXenes produced so far are terminated with oxygen-containing functional groups and fluorine, rendering the experimental investigations of elastic properties of pure non-terminated MXene sheets impossible, at least for now. Therefore, all current information on properties of pristine MXene sheets can only be obtained from computational studies.
Bending rigidity is an important parameter that characterizes the flexural properties of the material. It expresses mechanical resistance of the object to the external bending force. Studying the bending behavior of 2D materials is of special interest because of their potential applications as membranes and resonators in nanoelectronic devices [26] [27] [28] [29] , as well as in composites. MXenes have been shown to be more resistant to bending than graphene, as Ti 3 C 2 layers stayed planar in polymer-MXene composites [17] .
Within the general theory of plates and shells [30] , bending or flexural rigidity D relates to the external bending force F and the deflection at the center of the plate w through the equation
where L is he length of the plate and b is an empirical constant ranging from 0.0056 to 0.00725 for a plate with length to width ratio from 1 to 1. Thus, the bending rigidity of the MXene nanoribbon can be calculated from Eq. (1) by applying the bending load to the central area of the sample and measuring the corresponding deflection. Recently, the mechanical properties of MXenes have been studied by large-scale molecular dynamics [19] and density functional theory [20] . In particular, it has been shown that the Young's modulus of MXenes is lower than that of graphene, however, the fact that MXene monolayers are thicker compared to graphene has led the authors [20] to hypothesize that the bending rigidity of MXenes should be significantly higher than that of graphene. This hypothesis has never been tested before. Here we report results of the classical molecular dynamics (MD) simulations of bending of nanoribbons of three 2D titanium carbides (Ti 2 C, Ti 3 C 2 and Ti 4 C 3 ). We calculate the elastic parameters of the Ti 2 C nanoribbon in bending and compare them with similar data reported for other 2D materials. In a broader sense, the large scale classical atomistic simulations reported here provide new insights into bending dynamics of 2D materials at the nanoscale. Also, our MD simulations provide a good starting point for discussion and experimental measurements of the elastic properties of Ti n+1 C n MXenes.
Model
To simulate bending deformation of the Ti 2 C nanoribbon under external load, we employ the technique proposed for calculation of the bending rigidity of graphene nanoribbons (GNR) [31, 32] . Following [31] , we consider the Ti 2 C nanoribbon with a length of 12:0 nm, and width of 1:1 nm in a Cartesian coordinate box. Periodic boundary conditions were applied in y direction. Three layers of atoms at both edges of the nanoribbon were clamped and did not move during the simulation. External bending force was applied to titanium atoms at the central area of the top layer of the Ti 2 C sample. A schematic of the computational experiment is shown in Fig. 1 (all MD snapshots in this paper were produced using Visual Molecular Dynamics software [33] ).
The external force was applied by a constant force algorithm [34] . The system was allowed to reach a stationary state and then the central deflection was measured as an average vertical position of the loaded atoms during the subsequent 5 Â 10 5 steps of indentation. After calculation of the central deflection, the external force was increased and procedure repeated. Thus, recording the external load F and the corresponding deflection at the center w, the bending rigidity D can be calculated using Eq. (1). The system temperature was maintained at 1 K as in [31] , using Berendsen thermostat [35] . Equations of motion were integrated with a time step dt ¼ 0:2 fs using Verlet algorithm.
Classical MD simulations of MXenes are still rare. This situation may change with a recent parameterization of ReaxFF [36, 37] . However, ReaxFF and similar reactive bond-order (REBO) forcefields (e.g. [38] ) are quite demanding to computational power, thus limiting the size of MD ensemble and/or time of simulation. To correctly capture phenomena involving very large collections of particles on long time scales, parameterization of traditional, non-REBO classical potentials remains a highly important task for large-scale modeling of mechanical properties of MXenes and their composites, for example, polymer-MXene materials, etc. However, in this initial study we used a simple technique to calculate the interatomic forces in Ti n+1 C n MXenes as reported before [19] . Here we give only a brief overview of this approach.
With the assumption that Ti n+1 C n MXenes are metallic conductors and the metallic type of bonding prevails within the Ti layers of the material [8] , the embedded atom method (EAM) [39] has been chosen to describe the interactions between titanium atoms within the Ti n+1 C n sheets. Forces between the titanium and carbon atoms are derived from the empirical potential energy function (PEF) parameterized for C-Ti compounds [40] . Within this approach, the total potential energy of the system can be presented as a truncated sum of two-and three-body terms, where the twobody term approximated by Lennard-Jones (LJ) potential [41] is:
with r ij , r 0 , and e 0 being the distance between atoms i and j, equilibrium distance, and the minimum energy at r 0 , respectively; and the three-body term expressed by Axilrod-Teller (AT) potential [42] 
with r ij , r ik and r jk being the distances between atom pairs, and Z being a three-body intensity parameter, h i , h j and h k the angles of the triangle formed by r ij , r jk , and r ik . It is worth to mention that this approach reproduces the mechanical behavior of the twodimensional titanium carbides under tensile deformation [19] , thus it is a reasonable choice for investigation of the elastic bending properties of the Ti 2 C MXene by MD simulations. We did not look into the effects of surface terminations on mechanical properties of MXenes -this will be a subject of future studies.
Results
We started simulations with the external force F ¼ 0:03 nN, measuring the central deflection w after the system reaches a stationary state and increasing the force magnitude by an increment DF ¼ 0:03 nN after all needed data have been recorded. The plot of the central deflection of Ti 2 C nanoribbon versus the applied force is shown in Fig. 2a . As the figure shows, the dependence begins with an almost linear region, in which the effective spring constant of the sample k eff ¼ F w (shown in the inner panel of Fig. 2a ) remains of the same magnitude. In this regime, each force step DF ¼ 0:03 nN results in the corresponding increment in the central deflection of Dw % 0:37 Å. As the applied force reaches F % 0:6 nN (corresponding to central deflection w % 7 Å) the effective spring constant of the Ti 2 C sample k eff starts to grow from the initial value of k eff % 0:82 resulting in a smaller Dw of the nanoribbon at DF ¼ 0:03 nN (Fig. 2b, region I) . To keep the Dw within the same range throughout the experiment, the force increment was increased to DF ¼ 0:06 nN as the applied load and related deflection reached the values of F ¼ 1:44 nN and w % 12:27 Å respectively (Fig. 2b, region II) , and (Fig. 2b, region III) . Overall time dependence of the central deflection at different values of the force increment DF is shown in Fig. 2b .
Typical time dependencies of vertical coordinate of the central area of the sample during three indentation steps with different force increments are presented in Fig. 2c and d . As seen in these panels, only a minor vertical recoil occurs at small deflections ( Fig. 2c) , while in nonlinear regime noticeable damped oscillations were observed (Fig. 2d) .
Fracture of the Ti 2 C sample started when the deflecting force reached the value F % 4:50 nN, with the largest measured deflection of w % 22:31 Å. Snapshots of the atomic configuration of the Ti 2 C nanoribbon at different central deflections are presented in Fig. 3 . Fig. 4 shows the calculated bending rigidity as a function of the measured central deflection (main panel) and applied force (inset). Within the linear regime of deflection (till w ¼ 4 Ä 5 Å), bending rigidity slightly increases from its initial value of D % 5:21 eV, followed by the non-nonlinear growth at higher w. With further increase of the applied force bending rigidity grows up to the maximum value of D % 12:79 eV prior to sample disintegration.
It should be noted that within the theory of plates and shells [30] the bending rigidity is expected to increase with the thickness h of the sample as / h 3 , according to the equation
where E and m are the Young modulus and Poisson ratio. Cubic dependence of D on h was observed for multilayered graphene [43, 44] and MoS 2 [21] , thus studies of the bending properties of Ti n+1 C n MXenes with n > 1 are of special interest. Therefore, MD simulations of Ti 3 C 2 and Ti 4 C 3 nanoribbons under bending load were also performed.
To study bending properties of Ti 3 C 2 and Ti 4 C 3 nanoribbons, we used the above computational methodology with additional boundary conditions. Namely, boundary atoms across long edges of the nanoribbons were not allowed to relax in xy plane during bending (see Fig. 5 ), since we have found that without this constrain the sample tends to tilt in zy plane and undergo progressive torsional deformation, making the study impossible. Moreover, to prevent the compression of the sample at the point where the load had been applied, the normal force was applied to the column of central atoms (shown in red in Fig. 5 ) in contrast to being applied to only topmost Ti atoms in case of Ti 2 C described above. Comparative analysis shows that the additional constraints do not affect the results obtained for Ti 2 C nanoribbon without constraints, when the normal force was applied only to the topmost Ti atoms, however these additional constraints are necessary to retain the bending behavior of thicker MXene samples throughout the entire MD run.
The results of these simulations are presented in Fig. 6 . Inset in Fig. 6b shows that at small deflections bending rigidity of Ti 3 C 2 nanoribbon nonlinearly grows from the initial value D % 49:55 eV corresponding to a small applied force. At larger loads (F > 2:55 nN) bending rigidity DðFÞ changes irregularly due to the damage of the sample in the middle section. DðFÞ for Ti 4 C 3 sample also starts with a nonlinear growth of bending rigidity from D % 47:43 eV followed by a decline related to plastic deformation after the point of yield stress at F % 9:0 nN. Snapshots of the atomic configurations of Ti 3 C 2 and Ti 4 C 3 nanoribbons at different deflections are shown in Fig. 7 . The snapshots show that the Ti 3 C 2 sample undergoes intense plastic deformation that propagates in ½0 0 1 direction around the loading point before fracture. In contrast, the Ti 4 C 3 sample maintains its structure during bending deformation up to the onset of fracture of nanoribbon, when several cracks appear at the loading point and nearby regions followed by breaking of the ribbon into large blocks (see the last snapshot in Fig. 7 ). Similar fracture behavior was also observed in simulations of tensile deformations of Ti 2 C, Ti 3 C 2 , and Ti 4 C 3 [19] .
In order to examine the dependence of bending rigidity on thickness for Ti n+1 C n MXenes according to the Eq. [43] , (c) [44] , (d) [45] On this conjuncture, it is worth mentioning that, in a general case, the exact numerical value of the bending rigidity of 2D materials may depend on many factors, such as temperature (exponential decrease has been reported for graphene [46] ), size and shape of the sample [47] , measurement technique, and other (see related references in [31] ), so the obtained quantities can be considered only as approximate values of bending parameters of MXenes. Nevertheless, obtained dependencies are informative and qualitatively agree with the data reported for graphene [31, 48] and 2D MoS 2 [21] .
Conclusions
We report a large-scale MD computational procedure and data on the bending rigidity of the 2D titanium carbides (MXenes). Bending rigidity of graphene, obtained from MD simulations by similar methods is reported to be around D % 2:3 eV [31, 47] . Besides that, the effective spring constant k eff of the graphene nanoribbon of approximately the same size is reported to be lower than k eff % 0:36 N/m [31] . Due to its larger thickness, Ti 2 C MXene with D % 5:21 eV and k eff % 0:82 N/m calculated in presented work is more resistant towards bending than atomically thin graphene. This is a confirmation of general considerations regarding the effects of thickness on bending rigidity of 2D materials. At the same time, bending strength of Ti 2 C is lower than that of another 2D crystal -MoS 2, for which D % 9:61 eV [45] . This is interesting because bulk titanium carbide, TiC, is known to be a very hard material due to a strong, predominantly covalent character of TiAC bonds, but in the 2D state, according to calculations, it has a lower bending rigidity than MoS 2. This can be due to a larger thickness and different atomic arrangement in MoS 2 compared to Ti 2 C. Finally, the linear regime of bending deformation was not observed for thick MXene nanoribbons. Values of D % 49:55 eV and D % 47:43 eV obtained at a minimal deflection for Ti 3 C 2 and Ti 4 C 3, respectively, should be only considered as effective parameters, but they greatly exceed those of graphene, MoS 2 and other 2D materials, in agreement with experimental observations of straight single Ti 3 C 2 layers in polymer-matrix composites.
